This paper develops a passivity-based robust motion controller for a robot used in prosthetic leg performance studies. The mathematical model of the robot and passive prosthesis corresponds to a three degree-of-freedom, underactuated rigid manipulator. A form of robotic testing of prostheses involves tracking reference trajectories obtained from human gait studies. The robot presented in this paper emulates hip vertical displacement and thigh swing, and we consider a prosthesis with a passive knee for control development. The control objectives are to track commanded hip displacements and thigh angles accurately, even in the presence of parametric uncertainties and large disturbance forces arising from ground contact during the stance phase. We develop a passivity-based controller suitable for an underactuated system and compare it with a simple independentjoint sliding mode controller (IJ-SMC). This paper describes the mathematical model and nominal parameters, derives the passivity-based controller using Lyapunov techniques and reports success in real-time implementation of both controllers, whose advantages and drawbacks are compared.
Introduction
The development of novel prosthetic devices has progressed at a rapid pace in the last decades. Transfemoral leg prostheses, in particular, have become increasingly sophisticated in terms of the technologies used to modulate knee behavior or even produce push-off forces with battery power. Knee torque may be varied by pneumatic, hydraulic, or fluid-rheological means, and embedded microprocessors are typically used for control [1] . Much research effort continues to be focused on the design and control of prostheses capable of fully restoring normal gait [2] [3] [4] [5] [6] . Robotic testing is a viable method to evaluate and compare prosthesis prototypes without clearance burdens and with improved repeatability in comparison with human trials. Moreover, a machine may be fitted with sensors which would be inadequate or difficult to install in a patient. Robotic testing has the potential to accelerate the development of new prosthesis concepts, as new hardware and control ideas can be examined in safe and controlled conditions. Some use of commercial manufacturing robots in prosthesis testing has been reported by the Fraunhofer Institute [7] and the Cleveland Clinic [8] . This paper is concerned with a recently developed robot [9, 10] designed for transfemoral prosthesis tests using hip vertical displacement and thigh angle as input trajectories. These two degrees of freedom are the minimum necessary to emulate human walking in the sagittal plane. The overall robot configuration depends on the type of prosthesis attached to the machine interface plate. When a passive prosthesis for transfemoral amputees is installed, the overall system can be modeled as a three-link rigid robot with one underactuated joint (i.e., the knee joint) with damping. As shown in Fig. 1 , the machine's vertical axis is fixed, and walking is emulated using a treadmill. When a test is conducted, hip displacement and thigh angle histories measured from normal human gait are used as reference commands to the robot's actuated degrees of freedom. Variables, such as knee angle, ground reaction force, and hip torque are either measured directly or calculated from the measurements using models of the prosthesis and the machine. It is thus imperative for the controller to achieve accurate trajectory tracking in the presence of parametric uncertainty and modeling error associated with machine and prosthesis. Moreover, this paper considers the control objective to be pure trajectory control, even during periods of contact with the treadmill, where large forces applied to the foot are generated. Thus, ground reaction is regarded as an external disturbance to be accommodated by the controller. Since the prosthetic foot and the treadmill belt are compliant, the user may adjust the peak value of ground reaction force by lowering the center of oscillation of hip displacement. Note that hybrid force-position control [11, 12] and impedance control [13] are also possible with this equipment.
A robust control approach is mandatory, given that key dynamic parameters, such as some masses, moments of inertia, center-of-mass locations, and friction are subject to significant measurement errors. The robot controller should also require little or no modification when different (passive) prostheses are installed or when the reference trajectories are changed. This paper develops a coupled controller following the passivity-based robotic control technique, suitably extended to account for underactuation and external disturbance. This design is presented in contrast with an independent-joint (decoupled) sliding mode controller which is based on actuator models only.
The paper is organized as follows: Section 2 describes machine functionality and components and presents the mathematical model and its structural properties; Sec. 3 derives the passivitybased controller, proving uniform ultimate boundedness of the tracking error; Sec. 4 presents the independent-joint sliding mode controller; Sec. 5 reports the real-time control results, and Sec. 6 offers conclusions and recommendations for further development.
Test Robot Description
A schematic diagram of the robot and its components and a photograph of the robot with a prosthesis and flexible foot are shown in Fig. 1 . Vertical motion is generated by a linear slide driven by a ballscrew with a pitch of 12.7 mm/rev. A brushless dc motor (Mitsubishi HF-KP73) is directly coupled to the ballscrew. The motor is powered by a torque-mode servo amplifier (Mitsubishi MR-J3-70A). An analog input voltage applied to the servo amplifier results in a proportional torque on the motor shaft and ballscrew. Vertical position (hip displacement) is measured with an incremental encoder rotating synchronously with the motor. An absolute position reference is established with a limit switch mounted on the vertical guides. The total useful travel of the slide is 12 in. The rotary motion stage, including motor, is carried by the vertical slide. The rotary servo system is composed of a brushless dc motor (ElectroCraft RapidPower RP34) coupled to a rotary plate through an inchworm-gear reducer with ratio 80:1. Angular position (thigh angle) is measured with an incremental encoder rotating synchronously with the motor. An absolute position reference is established with a limit switch mounted on the rotary plate. Prostheses are attached to the rotary plate by means of an adjustable threaded rod, which is secured to a bracket on the plate with two 2.75-in. nuts. The threaded rod, in combination with the adjustable center of oscillation of the vertical stage, offers flexibility for standoff adjustments. Although thigh angular excursion in the normal gait data does not exceed 50 deg, the rotary actuator has an unlimited angular range. The linear slide is attached to a rigid steel frame. The prosthesis used for proof-of-concept tests with the robot is the Mauch MicroLite S [14] , which consists of two rigid links connected by a rotary joint. A damper is connected between the links, as shown in Fig. 1 , to stabilize the knee during the stance phase and limit knee angle during the swing phase. The flexible prosthetic foot is fitted with a strain gage calibrated to measure the vertical component of ground reaction force. A treadmill is secured to the frame, and anchor bolts are used to secure the entire assembly to the lab floor. Normal gait profiles used as a guideline for design are a subset of the data collected by van den Bogert [15] , which includes walking and running in healthy subjects. The machine is designed for hip displacement amplitudes of up to 50 mm with a maximum velocity of 1 m/s. Vertical force capacity is specified at 1200 N, which exceeds the ground force generated by a 78 kg normal subject during fast walking or slow running. Real-time instrumentation and control is handled by a dSPACE DS-1102 system and associated software.
Mathematical Model.
The overall machine-and-prosthesis system has been modeled in the standard framework of robotics [16] . When a passive leg prosthesis is attached, the system is underactuated, since the torque of the knee joint cannot be externally controlled. Knee damping for the Mauch MicroLite S knee may be manually set to two separate constant values for flexion and extension using the prosthesis' adjustment rings, however. When advanced prototypes featuring actively controlled damping or powered knee actuation are attached, the system can be regarded as semi-actuated or fully actuated. A forward kinematics model is available [9, 10] , which allows the computation of the position and velocity of any point given the positions and velocities of the joints. For the purposes of this paper, the point of application of the vertical ground reaction and its corresponding Jacobian are of interest. These quantities have been listed in the Appendix. Figure 2 shows the coordinate frames used in the kinematic model, where l 2 is the length of link 2 (thigh), d 0 is the Transactions of the ASME offset of link 2, and c 3 is the distance between the knee joint and the center of mass of link 3. Frame assignments follow the Denavit-Hartenberg convention [17] . The world-frame coordinates of points of interest can be readily computed assuming the joint coordinate vector q is known. In frame 3 coordinates, ground reaction is applied at ½l cx À l cy 0 T . The vertical coordinate Z LC of the point of application can be found using the composite transformation from frame 3 to the world frame (see Appendix). The dynamic model for the robot and passive prosthesis is given in joint coordinates as
where q T ¼ ½q 1 q 2 q 3 is the vector of joint displacements (in our case q 1 is the hip vertical displacement, q 2 is the thigh angle, and q 3 is the knee angle), u a is the vector of control inputs, M(q) is the mass matrix, Cðq; _ qÞ is a matrix accounting for centripetal and Coriolis effects, Nðq; _ qÞ is a nonlinear damping matrix (in our case due to the knee damper), B is a viscous damping matrix, F f is a vector of Coulomb friction terms, J e is the kinematic Jacobian relative to the point of application of external forces F e , g(q) is the gravity vector, and K a is a diagonal matrix of actuator gains. The explicit entries of the above matrices are found in Refs. [9, 10] , and their regressor form is listed in the Appendix. Note that actuator dynamics can be considered in this model by adding reflected actuator inertias (i.e., weighted by the square of gear ratio) in the entries of M. Viscous damping is significant only in the rotary mechanism, with coefficient b. Coulomb friction of magnitude f is considered only for the vertical slide, where it is significant. The nonlinear damping term Nðq; _ qÞ corresponds to a Rayleigh dissipation function for the knee damper [9, 10] . We decompose the vector of joint coordinates into actuated and unactuated components as q T ¼ ½q
The friction terms are decomposed along actuated and unactuated coordinates as
The prosthesis is regarded as links 2 and 3 of the overall robot. Joint 3 is subject to an internal torque due to damper action. This nonlinear damping torque can be calculated as @R=@ _ x d , where R is the Rayleigh dissipation function
where b k is a direction-dependent damping coefficient and _ x d is the expansion rate of the damper. The expansion rate is readily found by considering the geometry of the damper attachment and using differentiation of the cosine law. The nonlinear damping term of Eq. (1) is thus found to be
where o d , r d , and l d are the damper offset, swing radius, and instantaneous damper length, as shown in Fig. 3 . It is important to note that the external force Jacobian J e contains only link lengths as parameters. Since lengths can be measured with very small errors and the vertical component of ground reaction F e is measured in real-time, the term J T e F e can be regarded as a measurable disturbance that can be compensated directly by the real-time controller. Partition this term along actuated and unactuated coordinates as J T e F e ¼ ½F T a jF u T and define a control input w a as
The horizontal component of ground reaction is not measured in the real-time system and is difficult to describe without an ankle/foot model. However, it is anticipated to have a small effect on thigh rotation due to the high gear ratio used in the mechanism. It is not considered for the theoretical derivation. The model of Eq. (1) is now partitioned into actuated and unactuated coordinates as
where the dependence of M, C, F fa , g a , and g u on the joint coordinates and their velocities has been omitted from the notation.
Structural Properties.
We note that the well-known properties of skew symmetry, linearity in the parameters, and inertia matrix boundedness apply to the above partitioned model as shown next. The model of Eq. (1) satisfies the property that _ MðqÞ À 2Cðq; _ qÞ is a skew-symmetric matrix. Clearly, the property also applies to the block-diagonal elements of any partition of M(q) and Cðq; _ qÞ. In particular, _ M 11 À 2C 11 must be skew symmetric.
The linearity-in-parameters property states that MðqÞ€ q þ Cð _ q; qÞ _ q þ gðqÞ can always be factored as Yð€ q; _ q; qÞH, where the regressor matrix Y does not contain any physical or dimensional constants [16] . All such constants appear in combination as a set of parameters forming the entries of a parameter vector H. A minimal set of parameters exists for each kinematic configuration, and their determination must be done by algebraic manipulation on a case-by-case basis. We note that the linear parameterization property is applicable to a partitioned model. Furthermore, when Coulomb friction and linear viscous damping terms are present, it is still possible to obtain a linear parameterization. For the robot and passive prosthesis, the minimal parameterization leads to a regressor Y with three rows and nine columns (parameters). As elaborated below, Eq. (5) is partitioned again along each actuated coordinate to facilitate tuning of certain control gains. This operation yields the set of regressors and corresponding parameters shown in the Appendix.
The inertia matrix boundedness property guarantees that there exist constants q M and q M such that q M k M k q M , where any suitable norm may be used. Evidently, the block entries of a partition of M must also possess absolute upper and lower bounds. This property will be used below to guarantee that the knee acceleration estimation error term will not cause a Lyapunov derivative to be positive. 
Robust Passivity-Based Controller
The following development follows the framework of passivity-based control [16] . Significant extensions to the standard case are required to handle underactuation, to compensate for friction and disturbance and to facilitate tuning. Suppose that the actuated joints must follow reference trajectories given by functions of time q d a ðtÞ, while the unactuated joints must remain bounded. For this, define a function 
where a a ¼ _ v a . Define the Lyapunov function candidate
where P is a positive-definite diagonal matrix. The time derivative of V r is given by
The skew-symmetry property applied to M 11 and C 11 implies that
Using Eqs. (7) and (8) yields
To construct a control law, we assume that only the structure of the model matrices is known, but that the parameters are uncertain. However, we assume that parametric uncertainties are bounded. Also, we assume that joint positions and velocities are directly available, and that the acceleration of the unactuated joint is estimated (for instance through numerical differentiation), with a known estimation error bound. Therefore we postulate a control input of the form
where the circumflex notation has been used to indicate estimated quantities. In particular,â u is the estimated acceleration of the unactuated joints. Also, w 2 is an additional control term used to compensate for the acceleration estimation error, as shown below. The linear parameterization property establishes that there exist a regressor Yða a ; v a ;â a ; _ q u ; _ q u ; q a ; q u Þ and corresponding parameter vector H such that
To simplify control gain tuning, the above equation is partitioned again along the individual actuated joints. In the case of the leg prosthesis test robot, there are two actuated joints: hip vertical displacement and thigh angle. For this case, we thus consider the decomposition
where the arguments of the regressors have been omitted. Substituting Eq. (11) into the Lyapunov derivative yields
The inertia matrix boundedness property implies that kM 12 ðqÞk is upper-bounded by a constant (see Appendix). Assuming that the unactuated acceleration is computed with some known maximum error, a norm bound can be established for the term M 12ãu 
where the error state has been defined as e T ¼ ½q
and Q is a block-diagonal matrix with blocks KðB a þ PÞK and ðB a þ PÞ.
SinceH i are norm-bounded, the terms DH i can be adjusted according to the switching feedback laws DH i ¼ Àq 1i ðs i Y i = ks i Y i kÞ whenever ks i Y i k 6 ¼ 0, with DH i ¼ 0 otherwise. Indeed, the following inequality holds:
Similarly, since the M 12ãu is norm-bounded, w 2 can be chosen as Àq 2 ðs a =ks a kÞ whenever ks a k 6 ¼ 0 and w 2 ¼ 0 otherwise. The following inequality holds:
Since the term Àe T Qe is negative-definite, the above choices render the Lyapunov derivative negative-definite.
These laws are of the variable-structure type and their switching action requires unlimited actuator bandwidth [18] . A continuous approximation of these laws is therefore adopted
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Transactions of the ASME where e 1i > 0 are small positive constants. Similarly, w 2 is chosen as
where e 2 is a small positive constant. With this approximation, the closed-loop control system is guaranteed to possess the property of uniform ultimate boundedness [19] (uub) of the error trajectories. The guaranteed uub radius is estimated as follows: Assuming the "worst-case" where ks i Y i k e 1i and ks a k e 2 at the same time, the following inequality holds:
For _ V r < 0, it is then sufficient that the quadratic term on e is large enough to overcome the positive contributions of the other terms. Since Q is positive-definite, this can be guaranteed by the following equation:
where r u represents the uub radius and kðQÞ is the smallest eigenvalue of Q. For the actuated joints, closed-loop trajectories will ultimately enter and remain on the smallest level set of V r which contains a ball of radius r u . The designer must adjust q 1i ; q 2 ; e 1i ; e 2 , K, and P to achieve an acceptable tradeoff between good tracking accuracy (decreasing r u ), while avoiding excessive control chattering (increasing r u ). Remarks:
(1) Although damping was considered for the actuated joints through matrix B a , the stability proof does not require it. Its presence can help reduce control effort, however. (2) The regressors are functions of actuated joint positions and velocities only, assumed to be available as real-time measurements. An estimate of the unactuated acceleration can be obtained by online numerical differentiation, and a bound for the acceleration estimation error can be obtained according to the differentiation method. A simpler approach is to use a zero estimate for the acceleration and set the error bound to the maximum knee acceleration that can be reasonably expected during prosthesis operation. This eliminates the need for acceleration estimation altogether. (3) Splitting the regressor along individual actuated coordinates allows us to use separate gains q 1i whose magnitudes are tailored to those of the corresponding parameters and regressors. If this is not done, a conflict may arise in practice, when tuning the value of a single q. Indeed, q may need to be increased so that sufficiently accurate tracking is obtained in some coordinates. At the same time, q may need to be reduced to avoid excessive chattering in control channels which are already achieving good tracking. (4) The regressors and corresponding parameters for the passive leg prosthesis have been listed in the Appendix, along with the bound for kM 12 k.
The designer must tune P; K i ; q i1 ; q 2 , and the e constants. The first matrix increases the damping effect on the actuated joints, the second accelerates the convergence of the tracking error and the remaining gains are used to guarantee robustness against parametric uncertainty. Note that boundedness of the unactuated coordinate follows from rearranging Eq. (6) as follows:
Since tracking of q d a ðtÞ is achieved with bounded errors, q a and its derivatives must be bounded. Matrices M 21 and C 21 are themselves bounded, and so is F u . Therefore, the term on the righthand side of Eq. (20) acts as a bounded input to the unactuated coordinate. Equation (20) represents the dynamics of a passive mechanical system driven by a bounded input. Its position and velocity states must then remain bounded. ). An intentional parametric mismatch in H between plant and controller was introduced to evaluate robustness. In particular, the controller used the nominal H 0 , while the plant used H 0 þ DH, where the components of DH were selected randomly from the interval ½À0:5H 0 ; 0:5H 0 . Figure 4 shows the results, indicating that the controller is capable of achieving accurate tracking without exceeding amplifier saturation limits. Convergence of the Lyapunov function of Eq. (9) is also shown, although it increases its value during brief instants due to the nonideality of the deadzone implementation.
Independent-Joint Sliding Mode Control
A simple alternative to the coupled controller is to take advantage of the high transmission ratios between the motors and their driven links and treat the robot as a decoupled mechanical system. As shown in [9, 10] , the actuator-centric models have the form
where hðtÞ is the controlled position variable, u(t) is the control voltage (assumed proportional to motor torque), k is a constant reflecting a combination of servo amplifier gain, motor torque constant and rotary/linear motion conversion, J is the inertia of the load and motor, and b is a viscous damping coefficient. Variable s d represents an uncertain torque input consisting of external torque disturbances, unmodeled dynamics, parametric uncertainties, and unmodeled static effects, such as friction torque. Unmodeled dynamics include gravity torque and inertial coupling. SMC was chosen due to its good robustness properties and straightforward implementation [18, 20, 21] . In terms of the tracking error e ¼ h d À h, the system of Eq. (21) admits a sliding function of the form s ¼ _ e þ ke, with k > 0 a tunable constant. Note that if s(t) ¼ 0 for all t after some reaching time t r , ideal first-order decay is achieved for the tracking error. An SMC law capable of achieving and maintaining s ¼ 0 in finite time despite the presence of the uncertain term s d has the form
where g > 0 is chosen according to an assumed bound for s d . Note that motion profiles to be tracked and their derivatives enter the control law through the feedforward term
To limit chattering, a continuous approximation to the signum function is used, namely, a saturation function. Implementation of this control law is simpler than that of a PID controller, since no online integration or differentiation are needed, and only position and velocity measurements are required, which are available from optical encoders. Figure 5 shows a simulation of the IJSMC to the robot and prosthesis model. In this simulation, point contact between the prosthesis endpoint and the treadmill is assumed. A treadmill belt compliance for vertical deflections is taken from experimental measurements, and vertical ground reaction is calculated from Z LC shown in the Appendix. It can be seen that accurate tracking is achieved and that the sliding functions converge to and remain within their boundary layers.
Real-Time Control Tests
The purpose of the tests is twofold: to demonstrate the validity of the passivity-based controller developed in this paper and to compare it with the IJ-SMC. Tests were conducted under pure motion tracking mode, and were initiated without ground contact. Then, manual biasing of the vertical stage was used to gradually "land" the foot on the treadmill, monitoring the force sensed by the foot-mounted strain gage. The speed of the treadmill was set to 2.6 miles per hour, the value at which the normal walk gait data were taken. The center of oscillation of the thigh was also biased manually once the foot was engaged in a swing-stance cycle. This was done so that overall motion resembled natural walking as much as possible, given the limitations associated with a passive prosthesis. Achievement of natural motion was judged quantitatively by achieving a ground reaction magnitude and a knee angle variation which matched human data for the hip and thigh motion profiles being tracked. Natural gait was judged qualitatively by ensuring that the stance phase was initiated with heel contact, transitioning to forefoot contact, and without using excessive thigh angle biasing.
The Mauch MicroLite S knee was adjusted to a flexion setting of 7 and an extension setting of 2. Although manufacturer data are unavailable regarding the damping constants associated with these settings, custom measurements carried out by the authors provide estimated values of b ¼ 1.57 N s/mm for flexion and b ¼ 0.533 N s/mm for extension.
Controllers are compared on the basis of their tracking abilities under full loading conditions, considering the amount of chattering required to achieve a given tracking accuracy. Test conditions were maintained as similar as possible for both controllers, although some differences to be elaborated below were unavoidable due to manual biasing during the tests. Note that the thigh angle coordinate q 2 is measured relative to a horizontal reference in the robotic model; however, results are presented in terms of its complement q 2v , which is more commonly used in biomechanics studies.
5.1 Robust Passivity-Based Controller. Two tests were conducted: one with nominal H parameters arising from modeling and parameter estimation, and another one with an intentional random perturbation in each component of H with a deviation of up to 10%. The RPBC was initially tuned in simulation with satisfactory results. Although the initial simulation values led to stable motion, chattering was large and it was evident that tracking accuracy could be improved with online tuning. Final values of the gains were K ¼ diagð80; 7:5Þ; P ¼ diagð10; 0:1Þ; q 11 ¼ 140; q 12 ¼ 5; e 11 ¼ 2; e 12 ¼ 7; q 2 ¼ 1; and e 2 ¼ 1. Figure 6 shows the hip displacement and thigh angle tracking performance achieved by the RPBC, as well as the control voltage histories for the nominal case. Figure 7 shows the knee angle and reaction force Transactions of the ASME histories. During the real-time tests, manual biasing was applied until a force peak of 1000 N was observed. As expected, the ground forces act as disturbances preventing exact tracking of vertical hip displacement and thigh angle during ground contact.
Although knee angle is not being controlled, the prosthesis mechanism maintains it between 0 and 70 deg, a range compatible with normal human walking at the test speed. Note also that the control voltages reach the amplifier saturation limits of 68 V for the Table 1 , along with tracking performance data.
Independent-Joint Sliding Mode
Controller. Decoupled control laws of the form of Eq. (22) were used for the vertical and rotary servos. Servo system constants were obtained by system identification and custom measurements [9, 10] Figure 9 shows the tracking performance and control input histories for the same motion references as used with the RPBC. The tracking accuracy is given by the rms errors of 2.28 mm for q 1 and 2.15 deg for q 2v . The chattering levels for u 1 and u 2 are 8.52 V and 6.70 V, respectively, calculated as described for the RPBC. It is observed that the control inputs do not reach amplifier saturation levels. Figure 10 shows the knee angle and vertical ground reaction force. Vertical biasing was used to achieve a force peak of 1000 N, and the thigh angle was manually biased during operation to obtain the initial heel strike indicative of a normal gait pattern. As with RPBC, a test was conducted using an intentional 10% perturbation in plant parameters used by the controller (b, J, and k for each channel). Tracking results for this case are shown in Fig. 11. 5.3 Discussion. Both controllers achieved rms tracking errors of 1.75 mm or less for vertical hip displacement (4.6% of the motion reference range) and 2.6 deg or less for thigh swing (5.5% of the motion reference range). Chattering measures were significant larger for u 2 when using RPBC. Table 1 summarizes the results. Two observations are in order in regard to Table 1 . First, tracking performance and chattering levels are essentially maintained when plant parameters are intentionally perturbed. Second, chattering levels in u 2 are significantly higher for RPBC regardless of nominal or off-nominal conditions, but this does not occur in simulation studies, even when large parameter perturbations are introduced. Therefore, excessive chattering is attributed to effects present in the real system that were not modeled. We were able to trace the source of chattering to backlash in the thigh rotation gear mechanism. The vertical positioning mechanism uses a ballscrew which is essentially backlash-free, which explains the absence of chattering in u 1 . Although backlash is present in the system regardless of control strategy, significantly smaller chattering levels were observed in u 2 when using IJ-SMC. This is because RPBC implements an approximate model inversion through Eq. (10), which includes the actuator models and the coupled dynamics of the robotic links. Since the actuator models do not include backlash, a significant mismatch occurs between actual and modeled plant behavior, particularly at the times when the Transactions of the ASME confirmed in simulation by introducing a backlash element in the thigh rotation drivetrain and testing each controller. We were able to reproduce the same effect in simulation: chattering due to backlash is higher when using RPBC. Figure 12 shows the simulated u 2 with each controller. Note that chattering has been identified as problematic in similar passivity-based implementations [22] . Another reason for the higher chattering levels found with RPBC is that the "nominal" values of H come from measurements which are subject to errors and should not be regarded as "true" parameters. The difference between nominal and actual parameters must be overcome with high values of the switching gains q during online tuning, giving rise to chattering. IJ-SMC relies on only six actuator parameters which exclude highly uncertain quantities, such as friction coefficient, link inertias, and center-of-gravity locations. RPBC, in contrast, requires a complete dynamic model and nine independent parameter estimates. Note that although extensive online tuning was conducted with each controller to achieve good performance, the numerical values of rms tracking error and chattering measure are tailored to this particular set of gains.
The observed ability of the IJ-SMC to offer good performance is due to the high transmission ratios used in each servo. Indeed, inertial coupling among links and gravity forces appear at the motor shaft after division by the square of the gear ratio. Thus, the servos operate practically in a decoupled mode. In this situation, the simplicity of the IJ-SMC (only three adjustable control parameters per channel) represents an advantage over the RPBC, which has five adjustable control parameters per channel, making tuning more difficult.
Although the peak magnitude of the ground reaction matched the RPBC case, its shape is different. This is due to the fact that the prosthesis is not actuated at the knee. This means that the trajectories exhibited by uncontrolled variables, such as knee angle or ground reaction, are highly influenced by the orientation and velocity of the foot at the strike instant. In turn, these two variables depend on how manual biasing is used. This difference does not prevent a meaningful comparison of controllers in terms of their tracking accuracy against the amount of chattering required.
The RPBC has the advantage of having guaranteed robust stability, backed by theoretical Lyapunov analysis. To the extent of the authors' knowledge, there is no proof available that an independent-joint sliding mode controller (without gravity compensation) achieves asymptotic tracking of the actuated coordinates while maintaining the unactuated coordinates bounded.
Conclusions
A robust controller for motion tracking was developed by suitably extending the passivity-based robot control technique to account for the lack of actuation at the knee joint and to facilitate tuning. The developed controller was compared with a simple, decoupled sliding mode controller. Good tracking of hip displacement and thigh angle normal walk motion profiles was achieved with both controllers, even during ground contact, where large disturbance forces were applied. In our tests, the passivity-based controller exhibited higher chattering in the thigh rotation control channel for the same tracking accuracy. We were able to trace this effect to backlash in the thigh rotation drive train. Modeling, control development, and real-time operation were conducted with a passive leg prosthesis. For prostheses which produce knee torque by means other than passive damping, an appropriate model must be used and the controller redesigned. Also, when actively damped or powered knee prosthesis is tested using this robot, the passivity-based approach may prove more useful than decoupled control due to the availability of a systematic theoretical framework from where to derive control laws with guaranteed stability and robustness. The higher sensitivity of RPBC to backlash motivates further research into the subject.
Although a motion control approach was adopted in this work, other test modalities are possible. For instance, a mixed motion/ force approach may be used, where motion control is still used for both degrees of freedom in the swing phase and for thigh angle in Fig. 12 Simulation of backlash effects: RPBC versus IJ-SMC the stance phase, but hip displacement is controlled in the stance phase so that a desired ground force profile is tracked. Also, with actively damped or powered knees, an impedance synthesis approach may be undertaken, where control is used to track hip and thigh motions while controlling the knee actuator to replicate the moment/velocity impedance observed in human knees.
